The solution structure of the ATP-binding RNA aptamer has recently been determined by NMR spectroscopy. The three-dimensional fold of the molecule is determined to a large extent by stacking and hydrogen bond interactions. In the course of the structure determination it was discovered that several highly conserved nucleotides in the binding pocket can be substituted while retaining binding under NMR conditions. These surprising ®ndings allow a closer look at the interactions that determine stability and speci®city of the aptamer as well as local structural features of the molecule. The binding properties of ATP binder mutants and modi®ed ligand molecules are explored using NMR spectroscopy, column binding studies and molecular modeling. We present additional evidence and new insights regarding the network of hydrogen bonds that de®nes the structure and determines stability and speci®city of the aptamer.
Introduction
RNA aptamers selected for binding to biological cofactors are useful model systems to explore structural motifs that might have been of importance during the hypothetical RNA-world. Recently, the ®rst structures of RNA aptamers identi®ed via in vitro selection (Ellington & Szostak, 1990; Tuerk & Gold, 1990) to bind selectively the metabolic cofactors ATP and FMN (Lauhon & Szostak, 1995; Sassanfar & Szostak, 1993) as well as the amino acids citrulline and arginine (Famulok, 1994) were solved using NMR spectroscopy Fan et al., 1996; Jiang et al., 1996b; Yang et al., 1996) .
The structure of the ATP-binding RNA aptamer Jiang et al., 1996b) revealed how RNA can form a well-de®ned binding pocket capable of recognizing and binding the adenosine moiety of ATP and NAD with high af®nity and speci®city. The RNA ± ligand interaction takes place in an internal loop region of the aptamer that is¯anked by two stems and opposite a single bulged guanine residue (Figure 1 ). Two asymmetric G Á G base-pairs (G7 Á G11 and G17 ÁG30) cap the stems and form the foundation of the binding pocket by providing an interface for the stacking of the internal loop residues and the stems (Figure 2 ). The stacking of the ®rst stem is continued by the G7 Á G11 and G8 Á ATP base-pairs and closed by a U-turn motif, which includes the ATP in a GNRA tetraloop-like arrangement (G8, A9, A10 and AMP). The second stem continues into the internal loop via the G17 ÁG30 base-pair and a partial stacking of U16 and A12 on the GÁG base-pair. The nucleotides A13, A14, and C15 form a continuous stack and function as a linker in the back of the binding pocket. The ATP is hydrogen bonded via its amino group and N1 to G8 and via its N3 to A12. Another important interaction involves the 2 H hydroxyl group of G30, which forms a hydrogen bond with the N7 of A12.
Obtaining the assignments for the NMR structure determination of this aptamer-AMP complex was extremely challenging (Dieckmann & Feigon, 1997; Jiang et al., 1996a) , mostly due to its relatively large size and its unpredictable three-dimensional fold. In order to resolve ambiguities in the assignments and NOE connectivities, several aptamers Abbreviations used: NOE, nuclear Overhauser enhancement; NOESY, NOE spectroscopy; TOCSY, total correlated spectroscopy; DFQ-COSY, double quantum®lled COSY; HSQC, heteronuclear single quantum coherence; FID, free induction decay; TPPI, time proportional phase incrementation; 2D, twodimensional; ppm, parts per million.
with base substitutions were also studied by NMR spectroscopy. This led to the ®nding that base substitutions at several of the completely conserved nucleotides in the consensus sequence of the ATPbinding RNA aptamer were tolerated, i.e. binding to the AMP was still detected under NMR conditions . In order to gain further insight into the interactions between the AMP and the RNA as well as the basis of the folding and stability of the aptamer we have investigated the binding properties of mutant aptamers by NMR, ATP-binding assays, and molecular modeling. The mutant aptamers allow a closer investigation of local interactions within the aptamer structure. Of special interest are the importance of hydrogen bond and stacking interactions with respect to the binding speci®city and stability of the complex.
Results and Discussion
Evaluation of binding properties of aptamers by NMR spectroscopy
The binding of AMP to the wild-type and mutant aptamers shown in Figure 1 was qualitatively assessed by observation of changes in the imino proton spectra as a function of added AMP to $1 mM RNA samples at 274 K. The chemical shifts and line-widths in the imino and aromatic proton regions of the mutant aptamer spectra with different RNA:AMP ratios were compared with each other and with the spectra of the original aptamer in the absence and presence of AMP. For the original aptamer used in the structural studies, one-dimensional 1 H NMR spectra of the RNA in water exhibit imino resonances for the stem nucleotides and UUCG loop only. Upon addition of AMP, additional resonance intensity corresponding to imino protons in the internal loop and bulged G30 is observed, indicative of the bound conformation Jiang et al., 1996b) . View of the core of the aptamer (nucleotides 6 to 18, 29 to 31, and AMP). The stem base-pairs are shown in green, the G Á G base-pairs in yellow, nucleotides interacting with the AMP in purple (G8, A12, U16), and the connecting nucleotides in GNRA motif and linker are in blue. Figure 3 shows the results of a titration of the G8A mutant with AMP. As is the case for the original aptamer, additional exchangeable resonances appear upon addition of AMP. However, in this case some resonances shift and/or change linewidths as a function of added AMP. In contrast to the original aptamer, the G8A mutant does not completely exist as an AMP:RNA complex at a 1:1 AMP:RNA ratio (0.8 mM), but still contains $50% unbound RNA. However, at AMP:RNA ratios of 2:1 or higher the complex predominates.
Typical one-dimensional spectra for various mutants in the presence of AMP are shown in Figure 4 . The binding of the mutant aptamers under NMR conditions was classi®ed as follows: aptamers that did not show any changes in their peak patterns and line-widths independent of the amount of AMP present were classi®ed as``nonbinding'' aptamers (À) (G11A, G11C). These RNAs have NMR spectra with features very similar to the wild-type aptamer in the absence of AMP and in some cases (e.g. G11C) show additional resonance intensity from protons in the internal loop (Figure 4 (a) ). Mutant aptamers that showed additional signals and/or changes in line-widths upon addition of AMP, but did not convert into a fully bound complex at any AMP concentration, were classi®ed as weak binders (/À) (A12G, U16C, G30A). Mutants classi®ed as (/À) show broad and additional lines compared to the original aptamer (Figure 4 (b) and (c)). In the case of aptamers that could be converted to more than 90% RNA:AMP complex, additional 2D spectra were acquired to further evaluate the binding properties and the structures. The spectra were checked for the presence of NOE patterns characteristic of the structure of the original aptamer complex. The crosspeaks of A12 were especially useful in this respect, as A12 is located in the core of the aptamer and interacts directly with the ligand. A12 shows very distinctive NOE patterns and chemical shifts for its base H2, H8 and amino resonances. Spectra were also analyzed for any and several mutant aptamers in the presence of an excess of AMP (10 to 100%). The spectra were measured at 274 K on a samples containing 0.5 to 1.2 mM RNA in 100 mM NaCl (pH 6.0). For each spectrum 128 scans of 4,096 complex points where acquired. The FIDs where zero-®lled to 16 K and transformed after multiplication with an exponential function (LB 15). The imino resonances from the U22 Á G25 wobble pair are indicated by *.
Structural Basis for Folding of an ATP Aptamer signs of exchange between the free and bound forms of AMP (e.g. exchange peaks for AMP H2 and H8 in NOESY spectra) over the temperature range in which the original aptamer:AMP complex is stable (273 to 313 K). Aptamers that showed signs of exchange at temperatures less than 313 K but displayed all the characteristics of a fully bound complex were classi®ed as good AMP binders () (G7A, G8A, G17A, C15U) (Figure 4 (d) , (e), (f) and (g)). Those mutant aptamers that behave in all aspects like the original sequence were classi®ed as``wild-type''-like binders () (A9U, C18U/G29A). As can be seen in Figure 4 , aptamers classi®ed as () and () exhibit the same features in the one-dimensional spectra as the original aptamer. The presence of the G30 2 H OH signal at $9.2 ppm is characteristic of the formation of a wild-type-like complex. All mutants and their qualitative NMR binding classi®cations are summarized in Table 1 .
Analysis of the NOESY spectra of the mutant aptamers indicates that all mutant aptamers that form stable complexes with AMP (those of types and ) must have structures very similar to the original aptamer. In all these cases, the observed NOE patterns show that the stacking arrangement and the orientation of the bound ligand are retained.
Mutant aptamers that form stable complexes under NMR conditions do not all bind ATP under in vitro selection conditions
The observation that some of the aptamers with base substitutions at absolutely conserved positions still formed stable folded complexes with AMP led us to ask why none of the mutant aptamers showed up in any of the selections; i.e. was sequence space inadequately sampled during the selection and/or cloning, or would these sequences have been excluded by the stringency of the selection conditions? In order to answer this question, aptamers from each of the NMR-derived classes of binding properties (À, /À, , and ) were tested for binding to an ATP ±agarose column under the same conditions as were used in the original selection experiment (Sassanfar & Szostak, 1993) . All of the aptamers classi®ed as À, /À, and eluted from the column in the 5 ml wash and thus would not have been selected for (Table 1) . These include the mutant aptamers G7A, G8A, G17A, and C15U, which form stable and well structured complexes under NMR conditions. Of the aptamers tested for binding, only the original aptamer and the C18U/G29A double substitution bind to the column and are eluted with the ATP-containing buffer. The C18U/G29A substitution corresponds to a sequence present in the original selection and these bases are not part of the conserved sequence. The A9U mutant, which also shows wild-type binding () as assayed by NMR, is the only other mutant studied here with a mutation in a non-conserved base. A9 is the N base in the GNRA tetraloop, and thus serves a role only as a spacer nucleotide. These results show that none of the aptamers with base substitutions in the conserved positions would have survived the in vitro selection process, because they would have been eliminated during the ®rst one or two rounds of in vitro selection.
Base substitutions that show binding retain the same global fold
It was initially surprising to ®nd that some aptamers with base substitutions in conserved bases still showed binding to AMP under NMR conditions. This was particularly the case for the G8A mutant, since the re®ned structure reveals that G8 base-pairs with the AMP via two hydrogen bonds. 
n.d., not determined. a Aptamer elutes from column in wash (À); aptamer is retained on column and eluted with ATP ().
b Apparent ÁÁG of mutant versus original aptamer at 293 K. c From Sassanfar & Szostak (1993) . The two G ÁG base-pairs that cap the two stems of the aptamer each tolerate a substitution of one G for an A but not the other. For the G7 Á G11 basepair, a G7A substitution retains the binding capabilities, whereas a G11A substitution does not. The G17 ÁG30 base-pair can be replaced by A17 Á G30 (G17A mutant), but not by G17 Á A30 (G30A mutant). In the latter case the complex stability is greatly reduced.
Molecular modeling was used to assess how well the base substitutions ®t into the structural framework of the original ATP-binder structure. Figure 5(a) shows the G7Á G11, G8ÁAMP, and G17 Á G30 base-pairing interactions found in the wild-type aptamer structure. For the three aptamers that contain mutations in these conserved nucleotides (G17A, G7A, and G8A), the substituted A base can be accommodated in the same position as the wild-type G, albeit with the loss of one hydrogen bond interaction (Figure 5(b) ). Consistent with this, these mutants still show binding under NMR conditions. The loss of a hydrogen bond would explain the reduced stability while the maintenance of the stacking interactions would explain why these mutations still allow proper folding and binding. In contrast, for the case of the G30A and G11A mutants, positioning the substituted A residue in the same place as the G residues would lead to steric clash between pairs of amino groups (G11A mutant) or the A amino and G imino groups (G30A mutant) ( Figure 5(c) ). Thus, modeling would lead to the prediction that these mutants would not form a stable complex. This is consistent with the greatly decreased level of binding by G30A and the absence of binding by G11A mutants as assayed by NMR.
In the wild-type ATP-binding aptamer, the A12 amino hydrogen bonds to the AMP N3. The position of A12 is further stabilized by a hydrogen bond between the A12 N7 and the G30 2 H OH (Figure 2 ). For the A12G mutant, substitution of G12 for A12 would result in loss of the hydrogen bond between the A amino and AMP N3, which at least partially explains the decrease in binding for this /À mutant. However, by itself it probably does not explain the almost complete loss of binding, since the case of the G8A mutant shows that a loss of one hydrogen bond interaction can be tolerated if the overall structure is retained. The A12G model structure suggests one possible explanation; a guanine in position 12 is nicely oriented to form a hydrogen bond between its amino group and the O6 of G17, or with a small repositioning a symmetrical G12 ÁG17 base-pair; thus the strongly reduced binding and spectra in intermediate exchange can be due to the formation of an alternative, more stable structure involving a G Á G interaction. This is supported by the fact that even though the spectra show some of the characteristic changes indicative of complex formation upon the addition of AMP, there is no evidence for the G30 2 H OH resonance, which is consistent with a different orientation of G30 relative to G12.
Dissociation constants of the mutant aptamers give insights into the involved interactions
In order to obtain more quantitative information about the binding of those mutants that form stable and speci®c AMP ± aptamer complexes under NMR conditions, k D values were measured using isocratic elution. The values determined are summarized in Table 1 . All mutant aptamers tested have dissociation constants of $100 mM or higher, except for the stem double mutant C18U/G29A, which has a k D of 14 mM. This is in agreement with the results from the in vitro selection binding studies, as only aptamers with binding constants lower than 80 mM can survive under the selection conditions (based on column size and volume of wash). The k D values are consistent with the initial classi®cation by NMR, i.e. mutants with k D values of 14 mM or less form a fully bound complex at 1:1 RNA:ligand ratio (type ) and mutants with k D values of 100 to 150 mM (type ) can still be driven towards a completely bound complex under NMR conditions at higher RNA concentration ($1.0 mM). It should be noted that the ATP binding has different k D values in solution and on the af®nity column. For the original consensus aptamer, the k D for binding immobilized ATP was 14 mM compared with a solution k D of 6 to 8 mM determined by equilibrium gel ®ltration (Sassanfar & Szostak, 1993) . Thus it is likely that the dissociation constants of all ATP-binding aptamers are up to a factor of 2 smaller under NMR conditions than those reported here determined by column binding.
Compared to the wild-type aptamer, the apparent dissociation constants of 100 to 200 mM for the mutants correspond to a difference in the free energy of complex formation (ÁÁG complex ) of $3.0 kcal/mol at 293 K (1.6 kcal/mol for the C18U/G29A mutant), as calculated from:
The ÁÁG value found for the C18U/G29A stem mutation is close to the difference found for the removal of one hydrogen bond in the closing stem G Á C base-pair of the 5 H -GGC[GCAA]GCC tetraloop (SantaLucia et al., 1992) . Thus it seems likely that the observed difference in ATP binding is mostly due to the reduced stability (two hydrogen bonds in A Á U versus three hydrogen bonds in G Á C) of the closing stem base-pair, which forms the stacking platform for the G30 Á G17 base-pair. However, for the mutations within the core of the aptamer, loss of a single hydrogen bond interaction is probably not suf®cient to explain the difference in free energies of complex formation (SantaLucia et al., 1992; Turner et al., 1987 ; and see Figure 5 ). Changes in the stacking interactions between bases and perhaps other unidenti®ed hydrogen bonds must contribute to the reduced complex stability. For the G8A mutant, it is clear from the NOE data and modeling studies that the G can be replaced by A without any change in the positioning of the base while retaining the AMP amino to G8 N3 Hbond (Fig. 5B) . In addition to this interaction with the ligand, the G8 is also part of the U-turn motif and is positioned in place of the ®rst G in a GNRA tetraloop-like arrangement. Previous investigations of this type of tetraloop provide evidence for a hydrogen bond from the G imino group to the n 3 phosphate oxygen atom (Heus & Pardi, 1991; Jucker et al., 1996; Jucker & Pardi, 1995; SantaLucia et al., 1992) . The NMR data and structure of the ATP-binding aptamer are also consistent with formation of this hydrogen bond. Thus the change of a guanine in position 8 to an adenine will also result in a deletion of an additional hydrogen bond. The removal of these two interactions can explain the observed ÁÁG value. No obvious secondary H-bond interactions are known for the bases of the two GÁG base-pairs. However, minor rearrangements with respect to the base position and stacking interactions are likely upon substitution of adenine for G8 or G7, in order for at least one hydrogen bond from the base-pair to be retained ( Figure 5 ). Thus the observed ÁG values could correspond to the loss of one hydrogen bond plus an additional penalty for less-perfect stacking.
An all-DNA version of the aptamer does not bind ATP
In order to assess the importance of RNA versus DNA nucleotides in the structure of the ATP binding aptamer, aptamers of the same sequence containing all deoxyribose nucleotides and deoxyribonucleotide substitutions in the non-conserved stem regions only, as well as single deoxyribose substitutions (Table 2 ; discussed below), were synthesized. These were tested for ATP binding using isocratic elution off an ATP ±agarose column as discussed above for the base mutants. No detectable binding was found for the all-DNA version of the ATP-binding RNA aptamer (k D > 1 mM). For the aptamer with DNA substitutions for all the base-pairs in the stems except the ones¯anking the internal loop, the binding of ATP was decreased by a factor of 20 (k D 0.3 mM) compared to the all-RNA version. This implies that even though the stems do not form part of the binding pocket, an A-form helix is essential to position the GÁG base-pairs at the correct angle for the stacking interactions that stabilize the binding pocket.
Several 2
H hydroxyl interactions seem to be crucial for a stable structure
Hydrogen bonds are clearly of great importance for the stability and speci®city of the ATP-aptamer complex. In addition to base-pairing interactions, there is evidence from the structures and NMR data that the 2 H hydroxyl groups of G30, G8 and the AMP participate in hydrogen bonds as donors or acceptors. In most cases, evidence for the participation of the 2 H OH in hydrogen bonds is indirectly obtained from the structure, since the resonance from the 2 H OH usually exchanges too fast and/or overlaps with too many resonances to be observed. The G30 2 H OH is an exception, because it is unusually down-®eld shifted ($9.2 ppm) and slowly exchanging. On the basis of the NMR structure and nitrogen chemical shifts, G30 2 H OH hydrogen bonds with A12 N7.
Further evidence for the importance of this G30 2 H OH H-bond was obtained from binding studies on aptamers containing deoxyribose substitutions. Aptamers containing single deoxyribose substitutions were made for all of the nucleotides that are part of the binding pocket. The binding results are listed in Table 2 . A single deoxyribose substitution in position 8 or 30 eliminates AMP/ATP binding. All other ribonucleotides in the internal loop can be exchanged one by one against deoxyribonucleotides without major effects with respect to the binding properties. G8 is located at the base of the GNRA-like tetraloop. In this case the 2 H OH is not directly observed by NMR, but both the structure and the nitrogen chemical shift are consistent with an H-bond from the G8 2 H -hydroxyl group to the N7 of A10, the R base in the GNRA motif. Evidence for this hydrogen bond is also present in other GNRA and Uturn motifs (Heus & Pardi, 1991; Jucker & Pardi, 1995) . The deoxyribose substitution at G8 probably affects ATP binding by destabilizing the tetraloop motif that forms a central feature of the binding pocket for the ATP.
Except for the ATP (discussed below), there is no NMR, chemical, or other evidence for any other important 2 H OH interactions in the binding pocket of the aptamer. This is an interesting point, since it 
a , Binding is comparable to the original consensus aptamer; À, no or greatly decreased binding.
b Modi®cations of the original 40-mer sequence (Sassanfar & Szostak, 1993) .
has been widely thought that the 2 H OH of RNA provides additional functional groups versus DNA to allow RNA to act as a catalyst and to form a wider variety of folded structures. In this case, the majority of the 2 H hydroxyl groups do not appear to play any role in the structure of the aptamer. On the other hand, the few 2 H hydroxyl groups that are involved in hydrogen bonds are essential to the stability of the structure.
Importance of the AMP 2
H OH A variety of modi®ed nucleotides was tested for binding to the ATP-binding aptamer (Sassanfar & Szostak, 1993) . It was found that substitution of dATP for ATP eliminates binding, which suggests that the 2 H hydroxyl group of the ligand plays an essential role in binding. On the basis of distances and angles between acceptor and donor atoms in the NMR structure, we proposed several possible interactions for the AMP 2 H OH group, including G30 N7, A12 N1 and G17 N3 . A closer look at the biochemical data, especially the study of the binding properties of ATP derivatives (Sassanfar & Szostak, 1993) , reveals that although deoxyribo ATP does not bind to the aptamer, 2
H -O-Me-AMP does bind, albeit with reduced af®nity. This strongly suggests that the 2 H O acts as an acceptor atom rather than as a proton donor. However, an alternative possibility is that 2 H -O-Me-ATP binds in a slightly different manner and thus retains some binding.
To resolve this question, we analyzed the complex of 2 H -O-Me adenosine and the aptamer by NMR. The ATP derivative forms a well-de®ned complex at a 1:1 RNA:ligand ratio (0.5 mM), although it shows clear exchange peaks between free and bound ligand at 293 K, corresponding to a type () mutant aptamer. The analysis of the NOESY spectra revealed that the structure of the binding pocket remains unchanged. The 2 H -O-Me group is located at the interface of the GNRAmotif and G17/G30 base-pair. It shows NOEs to A10 H2, G17 H1
H , and its own H1 H as well as a weak interaction with C18 H1
H (see Figure 6 ). The only proton donors available in close proximity to the 2 H oxygen atom are G17 amino (which is involved in the G30 Á G17 base-pair) and U16 imino (Figure 7) . The observed stacking arrangement and orientation of the 2 H oxygen relative to the base make G17 amino an unlikely candidate for an ATP interaction. The U16 has a fairly narrow imino resonance, indicative of slow exchange with the solvent. In addition U16 is the only highly conserved nucleotide without a clear role in the structure of H 2 O. The strip in (b) was taken at the frequency of the methyl group of the 2 H -O-Me-adenosine. Spectra were acquired at 293 K. For (a) 128 scans of 8 K complex points were acquired. The FID was zero®lled to 16 K and transformed after multiplication with a 60 degree shifted squared sine-bell. The 2D spectrum in (b) was acquired with 96 scans per t 1 increment using States-TPPI phase cycling. 256 and 1024 complex points were acquired in the f 1 and f 2 dimensions, respectively. The ®nal data matrix was 2,048 Â 2,048 points and was processed with a Gaussian ®lter function (LB, 18, GB, 0.08 in f 2 and 0.14 in f 1 ). the complex. It should be noted that an alternative hydrogen bonding interaction between U16 imino and the A12 N1 is also possible. However, the observed chemical shifts for A12 N1, the intensity of the observed NOEs, and the relative orientation of the two bases relative to each other and the AMP do not provide experimental support for this interaction. The most likely interaction is between the AMP and U16, which are well oriented to form a hydrogen bond between the U16 imino proton and the 2 H O of the ligand.
Binding of AMP initiates formation of the binding pocket
The three-dimensional fold of the ATP-binding aptamer and its stability are to a large extent determined by the interactions of ligand and RNA. The adenosine moiety of the bound ATP provides the acceptors and donors for four essential hydrogen bonds in the core of the aptamer. It functions as the last nucleotide in the GNRA motif and forms two H-bonds with G8. In addition its N3 and 2 H hydroxyl interact with U16 and A12, thus providing the only interactions between the two halves of the binding pocket. Thus, the bound ligand is integral to the overall fold, and functions to connect the``GNRA stem-loop'' (nt 1 to 11; AMP, 31 to 36) with the second helix. There is no evidence for any kind of binding pocket or de®ned structure of the internal loop in the absence of AMP.
Conclusions
The type of ligand-dependent folding found for the ATP-binding aptamer seems to be characteristic for all of the small molecule binding aptamers that have been investigated Fan et al., 1996; Feigon et al., 1996; Jiang et al., 1996b; Yang et al., 1996) . Thus it seems that, with respect to folding and design of cofactor binding aptamers, the most important question is how RNA and ligand can interact to form the most stable complex, rather than how the RNA can form a structure/pocket capable of recognizing the ligand. This is a remarkable difference compared to proteins where the ligand is generally recognized by a preformed binding pocket; i.e. the overall fold usually does not depend on the presence of the ligand, except for local changes due to Structural Basis for Folding of an ATP Aptamer ``induced ®t''. The rational design of RNA ±ligand interactions will therefore require approaches that take into account the properties of both the RNA and the ligand, and that do not rely solely on the RNA sequence and structure.
Materials and Methods

NMR sample preparation
The RNA was synthesized enzymatically on a DNA template using bacteriophage T7 RNA polymerase and unlabeled NTPs (Milligan et al., 1987) . The labeled NMPs were isolated from methanolotrophic bacteria that had been grown on [
13 C]methanol and [ 15 N]ammonia, puri®ed, and converted to NTPs as described (Batey et al., 1992; Peterson et al., 1994) . For selectively labeled samples, the mixture of NTPs was separated into the four nucleotides by HPLC using a semi-preparative scale C18 column (Waters: PrepPak Cartridge, 25 mm Â 100 mm) with a water/methanol (0 to 100% linear) gradient. A speci®cally labeled sample of the G8A mutant was prepared using labeled [ 15 N,
13 C]ATP and commercial, non-labeled GTP, UTP, and CTP. After enzymatic synthesis, the RNA was puri®ed, and NMR samples were prepared as described Peterson et al., 1994) . NMR samples of the mutant aptamers were typically 0.5 to 1.6 mM in RNA (pH 6.0), 100 mM NaCl. AMP for the NMR and binding studies was purchased from Sigma Chemicals, and the 2 H -Omethyl-adenosine was a gift from Peninsula Laboratories, Inc.
Preparation of deoxyribose aptamer mutants
Mutant aptamers containing 2
H deoxynucleotide substitutions were chemically synthesized on a Milligen Cyclone Plus DNA synthesizer using ribonucleoside phosphoramidites (Chemgenes) and deoxyribonucleoside phosphoramidites (Chemgenes) at the desired positions. For the single deoxyribose substitutions, each aptamer was synthesized as two separate fragments, a 23-nucleotide oligonucleotide with the internal loop and an 11-nucleotide oligonucleotide containing the bulged G. The RNAs and RNA-DNA hybrids were deprotected as described (Whoriskey et al., 1995) and gel puri®ed. The position of the 2 H deoxynucleotide substitution was con®rmed by partial alkaline hydrolysis of the oligonucleotides followed by gel electrophoresis. The 23 nucleotide oligonucleotides were 32 P-end-labeled and annealed to a threefold excess of the unlabeled 11-nucleotide fragment for ATP ± agarose column binding studies.
NMR spectroscopy
volume of the column, and V e is the volume of buffer required to elute the RNA.
Molecular Modeling
Model structures of several mutant aptamers were generated based on the solution structure of the wildtype aptamer. For this purpose the coordinates of the lowest energy RNA ± aptamer structure were edited using the InsightII software package (Biosym Inc.). The wild-type base was substituted by the mutant base, leaving the sugar conformation unchanged, and aligned by hand via a rotation around the w angle to avoid steric clashes. This primary model was then energy minimized using the XPLOR 3.0 software package (250 steps using the energy terms for bonds, angles, impropers, and van der Waals interactions). In the case of mutants that clearly retained the overall wild-type fold (G7A, G8A, G17A) a minimum set of 369 NOEs not involving the substituted bases was used as additional constraints during the minimization. These NOE sets were based on the wild-type data set and checked against the NOESY data for each mutant.
